Kaposi sarcoma-associated herpesvirus (KSHV; also human herpesvirus-8) is implicated in all clinical forms of KS 1,2 as well as the lymphoproliferative disorders primary effusion lymphoma (PEL) 3, 4 and multicentric Castleman disease (MCD). 5 Endothelial cells harbor the KSHV genome in vivo, 1, 6, 7 are permissive for virus infection in vitro, [8] [9] [10] [11] and are thought to be the precursors of spindle cells. [12] [13] [14] [15] We and others have shown that in vitro infection of human dermal microvascular endothelial cells (DMVECs) with KSHV induces a spindle cell morphology and characteristics of a transformed phenotype, including loss of contact inhibition and growth in soft agar. [8] [9] [10] [11] Because explanted KS cells fail to maintain the KSHV genome following serial passage, 16, 17 in vitro infection of DMVECs has proved to be an invaluable tool for the study of KSHV pathogenic mechanisms. 18, 19 KSHV, like other herpesviruses, has a substantial coding capacity that includes viral genes unique to this human pathogen, genes that share homology with other members of the herpesviridae, as well as genes that appear to have originated in the host genome. 20, 21 Of note, at least 3 of these gene products, vFLIP (viral Fas-associating protein with death domain-like interleukin-1␤ [IL-1␤]-converting enzyme [FLICE]-inhibitory protein), viral cyclin (vCYC), and latency-associated nuclear antigen (LANA), are believed to comprise the viral latency expression program and are consistently expressed in all virally infected cells in KS, PEL, and MCD. [22] [23] [24] The gene product of open reading frame 71 (ORF 71), vFLIP, is thought to play an important role in prevention of apoptotic cell death. 25 The activity of a homolog of cellular cyclin D, vCYC (ORF 72), 26 together with the modulation of cellular transcription wrought by LANA (ORF 73) 27 is thought to be involved in KSHV-induced host cell transformation. Additionally, LANA is indispensable for maintenance of the viral genome. 28 Other gene products, such as viral G-protein-coupled receptor (vGCR) 29, 31 are classified as lytic gene products and are expressed in only a minority of cells in vivo. [32] [33] [34] Although reactivation of KSHV from the latent state and subsequent completion of the viral lytic expression cascade is incompatible with survival of a host cell, lytic gene products are thought to have paracrine influences on both latently infected and uninfected cells and are thus considered vital for lesion development. 35 We have used our previously described in vitro KS model to dissect viral mechanisms of pathogenesis. 18, 19 The salient features of our model include recapitulation of KS cell physiology, including spindle cell formation, loss of contact inhibition, and anchoragedependent growth restriction; long-term propagation of predominantly latently infected cells; and the ability to generate ageand passage-matched KSHV-infected and uninfected cultures. 11 This system has been amenable to gene expression profiling by cDNA microarrays and has provided valuable information in this An Inside Blood analysis of this article appears in the front of this issue.
Introduction
Kaposi sarcoma-associated herpesvirus (KSHV; also human herpesvirus-8) is implicated in all clinical forms of KS 1,2 as well as the lymphoproliferative disorders primary effusion lymphoma (PEL) 3, 4 and multicentric Castleman disease (MCD). 5 Endothelial cells harbor the KSHV genome in vivo, 1, 6, 7 are permissive for virus infection in vitro, [8] [9] [10] [11] and are thought to be the precursors of spindle cells. [12] [13] [14] [15] We and others have shown that in vitro infection of human dermal microvascular endothelial cells (DMVECs) with KSHV induces a spindle cell morphology and characteristics of a transformed phenotype, including loss of contact inhibition and growth in soft agar. [8] [9] [10] [11] Because explanted KS cells fail to maintain the KSHV genome following serial passage, 16, 17 in vitro infection of DMVECs has proved to be an invaluable tool for the study of KSHV pathogenic mechanisms. 18, 19 KSHV, like other herpesviruses, has a substantial coding capacity that includes viral genes unique to this human pathogen, genes that share homology with other members of the herpesviridae, as well as genes that appear to have originated in the host genome. 20, 21 Of note, at least 3 of these gene products, vFLIP (viral Fas-associating protein with death domain-like interleukin-1␤ [IL-1␤]-converting enzyme [FLICE]-inhibitory protein), viral cyclin (vCYC), and latency-associated nuclear antigen (LANA), are believed to comprise the viral latency expression program and are consistently expressed in all virally infected cells in KS, PEL, and MCD. [22] [23] [24] The gene product of open reading frame 71 (ORF 71), vFLIP, is thought to play an important role in prevention of apoptotic cell death. 25 The activity of a homolog of cellular cyclin D, vCYC (ORF 72), 26 together with the modulation of cellular transcription wrought by LANA (ORF 73) 27 is thought to be involved in KSHV-induced host cell transformation. Additionally, LANA is indispensable for maintenance of the viral genome. 28 Other gene products, such as viral G-protein-coupled receptor (vGCR) 29, 30 and vIL-6, 31 are classified as lytic gene products and are expressed in only a minority of cells in vivo. [32] [33] [34] Although reactivation of KSHV from the latent state and subsequent completion of the viral lytic expression cascade is incompatible with survival of a host cell, lytic gene products are thought to have paracrine influences on both latently infected and uninfected cells and are thus considered vital for lesion development. 35 We have used our previously described in vitro KS model to dissect viral mechanisms of pathogenesis. 18, 19 The salient features of our model include recapitulation of KS cell physiology, including spindle cell formation, loss of contact inhibition, and anchoragedependent growth restriction; long-term propagation of predominantly latently infected cells; and the ability to generate ageand passage-matched KSHV-infected and uninfected cultures. 11 This system has been amenable to gene expression profiling by cDNA microarrays and has provided valuable information in this regard. 18, 19 In the present study, we employed a proteomics expression profiling approach to study alterations in host cell gene expression following in vitro infection of DMVECs with PELderived KSHV. Out of approximately 850 gene products screened by Western blotting, 52 genes exhibited significant up-or downregulation in infected cells compared with uninfected controls. These altered genes have been implicated in diverse cellular processes, including apoptosis, cell division, metabolism, morphology, transcription, and tumorigenesis. One metabolic gene that showed significant up-regulation in KSHV-infected cells was heme oxygenase-1 (HO-1). Given recent evidence implicating HO-1 enzymatic activity in antiapoptotic responses, 36, 37 cell proliferation, 38, 39 and angiogenesis, [38] [39] [40] [41] we reasoned that up-regulation of this gene by KSHV infection may have important consequences for endothelial cell biology and KS pathophysiology.
HOs are responsible for the oxidative cleavage of the heme ring, the rate-limiting step in heme catabolism. 42 Enzymatic degradation of heme releases carbon monoxide (CO), free iron, and biliverdin, which is subsequently converted to bilirubin by biliverdin reductase. 42 To date, 3 isoforms have been identified: the stress-inducible HO-1 (HSP32) and the constitutive HO-2 and HO-3. These isozymes, products of distinct genes, differ in specific activity, inducibility, and tissue distribution. HO-2, an essentially uninducible isozyme, is present in high concentrations in tissues such as brain and testis. 43 HO-3, also uninducible, is distinguished by a lesser degree of homology to the other isoforms and a markedly reduced specific activity; this isozyme is thought to function in heme transport within cells rather than heme catabolism. 44, 45 HO-1 is ubiquitously distributed in mammalian tissues and is strongly and rapidly up-regulated by noxious stimuli leading to oxidative stress such as transitional metals, glutathione-depleting agents, UV light, and heat shock. 43 Heme, the natural substrate of HO-1, is itself a potent inducer of HO-1. 43 In the present study we show that HO-1 mRNA and protein are up-regulated by KSHV infection of DMVECs in vitro as well as in KS biopsy tissue. Up-regulation of HO-1 enzymatic activity in vitro conferred a proliferative advantage to infected cells, suggesting that this enzyme may have an important role in KS pathophysiology.
Materials and methods

Reagents
Ethanolamine, pefabloc SC, leupeptin, glucose-6-dehydrogenase (type XV from baker's yeast), glucose-6-phosphate, and NADP ϩ (nicotinamide adenine dinucleotide) were from Sigma (St Louis, MO); pooled rat liver cytosol was from Cedra Corporation (Austin, TX); human skin total RNA was from Stratagene (La Jolla, CA); and Cu(II) mesoporphyrin IX (CuMP), Cr(III) mesoporphyrin IX (CrMP), and heme were from Porphyrin Products (Logan, UT). Stock solutions of methemalbumin (1.5 mM heme and 0.15 mM bovine serum albumin [BSA]), CuMP, and CrMP (1.0 mM) were prepared as described previously. 46 Briefly, heme, CuMP, or CrMP was dissolved in 0.5 mL 10% (wt/vol) ethanolamine in deionized water. BSA was added to the heme solution in 2 mL deionized water. The volume was raised to 7 mL and adjusted to pH 7.4 with 1 N HCl and rapid stirring. The final volume was adjusted to 10 mL with deionized water. Heme and mesoporphyrin stock solutions were prepared in the dark and stored at Ϫ20°C for up to one month.
Derivation of KSHV-infected DMVECs
In vitro infection of DMVECs with KSHV was previously described in detail. 11 Briefly, primary DMVECs (BioWhittaker, Walkersville, MD) were immortalized by retroviral-mediated expression of human papillomavirus (HPV) type 16 E6 and E7 genes and were subsequently infected with KSHV derived from tetradecanoyl phorbol acetate-treated body cavitybased lymphoma-1 (BCBL-1) cell culture supernatants. DMVECs were cultured in endothelial-serum-free medium (SFM) (GIBCO BRL, Gaithersburg, MD) supplemented with 10% human male type AB serum (HS; Sigma), penicillin (100 U/mL), streptomycin (100 g/mL), glutamine (2 mM), endothelial cell growth supplement (50 g/mL; Becton Dickinson, Bedford, MA), and G418 (200 g/mL; GIBCO BRL). The BCBL-1 cell line was obtained through the AIDS Research and Reference Reagent Program (Division of AIDS, National Institute of Allergy and Infectious Disease, National Institutes of Health; contributed by Michael McGrath and Don Ganem) and was cultured in RPMI supplemented with 10% fetal calf serum, penicillin (100 U/mL), streptomycin (100 g/mL), glutamine (2 mM), and 2-mercaptoethanol (5 ϫ 10 Ϫ5 M). KSHV infection of DMVECs was verified by polymerase chain reaction (PCR) amplification of the KS330 BamHI fragment of the ORF 26 gene, reverse transcription (RT)-PCR amplification of the spliced mRNA from the ORF 29 gene, and immunostaining for KSHV proteins. DMVECs were used for experimentation when more than 90% of cells expressed ORF 73 (LANA). Typically, 2% of infected cells in such LANA-positive cultures expressed the early lytic protein ORF 59 and less than 1% of ORF 59-positive cells expressed the late lytic glycoprotein ORF K8.1. Viral antigen expression was detected by immunofluorescent staining as previously described using antibodies generated and generously provided by Bala Chandran (The University of Kansas Medical Center, Kansas City, KS). For infection of primary DMVECs, the recombinant enhanced green fluorescent protein (EGFP)-expressing clone rKSHV.152 47 was used.
BD PowerBlot
The western array screening service offered by BD Transduction Laboratories (Franklin Lakes, NJ) measures changes in protein expression by simultaneously probing control and experimental cell protein extracts with a panel of more than 850 monoclonal antibodies. KSHV-infected and uninfected DMVEC cultures were harvested according to BD Transduction Laboratories' specifications. Monolayers in T75 flasks were washed with phosphate-buffered saline (PBS) and lysed in 1 mL boiling lysis solution per flask (10 mM Tris [tris(hydroxymethyl)aminomethane], pH 7.4; 1 mM sodium ortho-vanadate; and 1% sodium dodecyl sulfate [SDS] ). Lysates were scraped and transferred to 50 mL conical polypropylene tubes and subsequently heated in a microwave for 10 seconds uncapped. Cellular DNA was then sheared by passing lysates 10 times through a 25-gauge blunt needle. A small volume was removed and diluted 1:10 to reduce the SDS concentration to 0.1% and protein concentration was determined using the Bradford reagent according to manufacturer's instructions (Bio-Rad, Hercules, CA) with BSA as a standard. Samples were then shipped to BD Transduction Laboratories on dry ice where PowerBlot screening was conducted. Gradient SDS-polyacrylamide gel electrophoresis (SDS-PAGE; 4%-15%, 0.5-mm thick [Bio-Rad Criterion IPG well comb]) gels were loaded with 200 g of protein in one continuous well across the entire width of the gel. This yields the equivalent of 10 g protein per lane on a standard 10-well mini-gel. Gels were run 1.5 hours at 150 V. The gels were transferred to Immobilon-P membrane (Millipore, Bedford, MA) for 2 hours at 200 milliamps using a wet electrophoretic transfer TE Series apparatus (Hoefer Scientific Instruments, San Francisco, CA). Following transfer, membranes were air dried and subsequently rewet in methanol and blocked for 1 hour in blocking buffer (LI-COR, Lincoln, NE). Blocked membranes were then clamped into Western blotting manifolds that isolate 40 channels across each membrane. Each channel was then loaded with a complex antibody cocktail and incubated for 1 hour at 37°C. Blots were removed from manifolds, washed, and hybridized for 30 minutes at 37°C with secondary goat antimouse conjugated to Alexa680 fluorescent dye (Molecular Probes, Eugene, OR). Membranes were washed, dried, and scanned using the Odyssey Infrared Imaging System (LI-COR). Samples were run in triplicate and fold change was reported following analysis of blots using a 3 ϫ 3 comparison method.
Western blotting
Uninfected and KSHV-infected cells were harvested by trypsinization and pelleted by centrifugation at 16 000 g for 30 minutes at 4°C and then resuspended in 100 L of 1 ϫ PBS. The resuspended pellet was frozen and then thawed 3 times to break open the cells. The total cell extract was then centrifuged at 16 000 g to spin out excess cellular debris. Total protein was measured with a Bradford assay kit (Bio-Rad). Samples for immunoblotting were prepared by taking 20 g of total protein and combining with 3 ϫ reducing sample buffer to make 30 L total volume. The samples were boiled for 3 minutes and then centrifuged at 15 000 rpm for 1 minute to pellet insoluble material. Each sample (15 L) was loaded on 2 identical 12% polyacrylamide gels and resolved by discontinuous electrophoresis (SDS-PAGE) as previously described. 48 After electrophoresis, the gels were transferred to nitrocellulose and then subjected to immunoblot analysis using anti-HO-1 (Transduction Laboratories; catalog no. 610712) and anti-stress-activated protein kinase/c-Jun N-terminal kinase (anti-SAPK/ JNK; Cell Signaling Technologies, Beverly, MA) antibodies as per the manufacturer's recommendations. The antigen-antibody complex was then incubated with antimouse immunoglobulin (Ig) horseradish peroxidase and antirabbit Ig horseradish peroxidase (Amersham Life Sciences, Arlington Heights, IL). The blot was developed by incubation with chemiluminescent substrate (Pierce, Rockford, IL) and exposed to Kodak BioMAX MR film.
Immunofluorescent staining
For detection of HO-1 protein, E6/E7-transformed DMVEC monolayers were rinsed 2 times with PBS containing 1% normal goat serum and 0.02% sodium azide (staining buffer), fixed in 2% paraformaldehyde, permeabilized with 0.05% triton, and stained with an anti-HO-1 monoclonal antibody (clone 23; BD Transduction Laboratories) and an anti-LANA rabbit polyclonal antibody followed by a goat antimouse fluorescein isothiocyanate (FITC)-labeled (Biosource International, Camarillo, CA) and goat antirabbit Alexa-labeled (Molecular Probes) secondary antibodies. For detection of HO-1 in nontransformed cells, primary DMVECs were infected at a low multiplicity of infection with the EGFP-expressing KSHV clone. Monolayers were fixed, permeabilized, and stained for HO-1 as for transformed cells. All antibodies were used at a 1:100 dilution in staining buffer and incubated with cell monolayers for 60 minutes at 37°C. Primary antibodies were omitted from duplicate monolayers to control for nonspecific binding of secondary antibody. Stained cells were mounted and examined on a Zeiss fluorescent microscope (Thornwood, NY).
Quantitative RT-PCR
RNA was isolated using an RNeasy Total RNA kit (QIAGEN, Valencia, CA). RNA samples were treated with RNase-free DNase I to remove any residual genomic DNA contamination (Ambion, Austin, TX). Quantification of RNA was performed by a 2-step method. First, cDNA was synthesized using superscript II (Invitrogen, Carlsbad, CA). Synthesized cDNA was diluted in H 2 O to a final concentration of 1 ng per reaction in TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA). Quantitative RT-PCR was performed on an ABI-PRISM 7700 Sequence Detection System (Applied Biosystems) under standard reaction conditions. Relative quantitation of gene expression, as outlined in the Applied Biosystems User Bulletin 2, was conducted to compare uninfected and KSHV-infected samples. Following primer efficiency validation on RNA from KSHV-infected DMVECs, the comparative cycle threshold (C T ) method was performed as outlined in user bulletin 2. The comparative C T method compares differences in the threshold cycles between samples after normalization to an endogenous control, in this case glyceraldehyde phosphate dehydrogenase (GAPDH). C T values vary with target RNA concentration such that a higher target concentration yields an earlier threshold signal over background. Differences between samples during the exponential phase of PCR amplification were calculated by the following equation:
) uninfected and converted to n-fold change units by the equation 2 Ϫ⌬⌬CT . The following primers were generated using primer express v1.1 (Advanced Biotechnologies, Columbia, MD): HO-1 forward, 5Ј-GCCCTTCAG-CATCCTCAGTTC-3Ј, and reverse, 5Ј-GGTTTGAGACAGCTGCCACA-3Ј; GAPDH forward, 5Ј-GAAGGTGAAGGTCGGAGT-3Ј, and reverse, 5Ј-GAAGATGGTGATGGGATTTC-3Ј.
Immunohistochemistry
Paraffin-embedded biopsy tissue from oral AIDS-KS lesions were sectioned and mounted on charged slides. The slides were deparaffinized, treated in citrate buffer (30 minutes, steamed), transferred to Tris-buffered saline (TBS)/Tween buffer, and placed on an automatic staining machine programmed for staining using the Vectastain Elite ABC kit with diaminobenzidine as the substrate (Vector Laboratories, Burlingame, CA). Polyclonal anti-HO-1 (Affinity Bioreagents, Golden, CO) was used at 1:40. Slides were counterstained with hematoxylin/eosin.
HO enzymatic activity
Crude endothelial cell protein extracts were prepared as previously described. 49 Briefly, following overnight incubation in complete media alone or with 10 M CuMP or CrMP, monolayers were rinsed with PBS and scraped directly into 300 L sonication buffer (0.25 M sucrose, 20 mM Tris-HCl, 50 g/mL Pefabloc SC, 4 g/mL leupeptin; pH 7.4) sonicated on ice 2 times for 30 seconds and centrifuged for 20 minutes at 18 000g. The protein concentration of the resultant supernatant was determined using Bradford reagent as described above. HO activity was measured by the spectrophotometric determination of bilirubin production as described elsewhere. 49 Final reaction concentrations were 1 mg endothelial cell protein extract, 50 M heme, 2 mg/mL pooled rat liver cytosol, 1 mM MgCl 2 , 3 units glucose-6-dehydrogenase, 1 mM glucose-6-phosphate, and 2 mM NADP ϩ in 0.5 mL 0.1 M potassium phosphate buffer (pH 7.4) for 30 minutes at 37°C. The reaction was stopped by the addition of 2 volumes of chloroform. Bilirubin concentration in the chloroform extracts was determined using an Ultrospec 2100 Pro spectrophotometer (Amersham Pharmacia Biotech, Piscataway, NJ) to measure the difference in optical density at 464 and 530 nm and the equation A ϭ c L ⑀ assuming an extinction coefficient (⑀) of 40 mM Ϫ1 cm Ϫ1 for bilirubin in chloroform with a path length (L) of 1.0 cm. HO activity was reported as picomoles of bilirubin produced per milligram endothelial cell protein extract per hour.
Assessment of heme-induced proliferation
The effect of low-dose heme treatment on proliferation of KSHV-infected and uninfected DMVECs was assessed by direct cell counting. Cells were plated in 96-well plates at 1.25 ϫ 10 4 cells per well and incubated overnight in complete medium. The next morning cells were refed with SFM without serum or ECGS in the presence or absence of CuMP or CrMP and incubated for 24 hours. The next morning (t ϭ 0) cells were refed with SFM containing CuMP or CrMP in the presence or absence of 5 M heme and incubated for an additional 48 hours (t ϭ 48). Quadruplicate wells were trypsinized and counted by hemocytometer at t ϭ 0 and 48. Trypan blue exclusion showed that cell viability was higher than 95% for all treatment conditions. To ensure that the ability of these cells to proliferate in this experimental setting was not nonspecifically limited, a separate experiment was conducted whereby the proliferative response of serum-starved cells was assessed following a 48-hour incubation in SFM containing 10% human serum in the presence or absence of endothelial cell growth supplement (50 g/mL), a complex mixture containing known endothelial cell mitogens including vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF).
Results
Western blot screening of KSHV-infected DMVECs
To screen changes in gene expression following experimental infection of DMVECs with KSHV, we raised age-and passagematched cultures of KSHV-infected and uninfected cells (Figure 1) as previously described. 11 Uninfected DMVECs retained the classical cobblestone morphology of normal endothelial cells and remained contact inhibited after serial passage ( Figure 1A ). KSHVinfected cultures, however, assumed a spindle cell morphology reminiscent of the neoplastic endothelial cell-derived spindle cells in KS lesions ( Figure 1B ). Cultures were harvested for expression profiling once infected cultures had become more than 90% spindled and ORF 73-positive ( Figure 1C-D) . Alterations in gene expression resulting from KSHV infection are most likely due to latent infection as staining for the lytic marker ORF 59 revealed less than 2% spontaneous lytic reactivation. We note, however, that a paracrine influence conferred by even sporadic reactivation could also effect gene expression. 35 Total protein extracts were prepared according to BD Transduction Laboratories' specifications and analyzed by the PowerBlot method as described in "Materials and methods."
Out of approximately 850 gene products screened by PowerBlot western array screening, 52 genes exhibited significant up-or down-regulation in infected cells compared with uninfected controls. Functional clustering of the data revealed several potentially important alterations in host cell physiology caused by KSHV infection (Table 1) . Genes involved in cellular processes, including apoptosis, cell adhesion, morphology, proliferation, DNA damage repair, metabolism, protein sorting, transcription, and tumorigenesis, all showed significant changes in expression levels. We chose to focus further efforts on HO-1, a gene with potentially interesting and important implications in KS pathophysiology. (Table 1) were independently confirmed in our laboratory by quantitative RT-PCR, Western blotting, and indirect immunofluorescence. KSHV-infected DMVECs expressed HO-1 mRNA at a level 3.48-fold higher than uninfected cells (Table 2) . PowerBlot analysis revealed up-regulation of HO-1 by a factor of 4.24 and Western blot analysis comparing uninfected and KSHV-infected DMVECs confirmed significant viral induction of HO-1 ( Figure  2A ). As expected, modulation of HO-1 enzymatic activity by treatment with the heme analogs CrMP (inhibitory of HO-1 activity) and CuMP (noninhibitory) did not significantly alter the expression of HO-1 in KSHV-infected cells (Figure 2A) . Double staining for KSHV LANA and HO-1 by indirect immunofluorescence (IF) showed that HO-1 was up-regulated in KSHV-infected, LANA-positive cells but not in uninfected neighboring cells ( Figure 2B) . A range of HO-1 staining intensities is apparent by IF in latently infected cells suggesting that in addition to viral components, cellular factors may also influence HO-1 expression in these cells. Parallel monolayers stained for the lytic marker ORF 59 showed that less than 1% of cells had undergone spontaneous lytic reactivation (data not shown), thus suggesting that latent infection with KSHV was sufficient for up-regulation of HO-1. HO-1 up-regulation by KSHV infection was confirmed in primary DMVECs infected with the recombinant EGFP-expressing clone rKSHV.152 47 at a low multiplicity of infection ( Figure 2C ). Following one passage after infection, IF revealed HO-1 expression in EGFP-positive, spindle-shaped primary DMVECs but not neighboring EGFP-negative cells, suggesting a direct rather than paracrine effect of KSHV infection on up-regulation of HO-1.
HO-1 is up-regulated in KS tissue
Quantitative RT-PCR on RNA extracted from a biopsy of cutaneous AIDS-KS revealed up-regulation of HO-1 message by a factor of 3.8 relative to normal skin (Table 2) . HO-1 levels from both in vitro and in vivo sample sets were normalized to an internal control, GAPDH. HO-1 protein levels were assessed in biopsy tissue of oral AIDS-KS lesions by immunohistochemistry (IHC; Figure 3 ). Examination of normal tissue at the tumor margin showed HO-1 expression within the intact endothelial lining of normal vascular spaces as well as sporadic expression in nonvascular regions ( Figure 3C ). KS lesional tissue showed a higher degree of cellularity, numerous abnormal vascular spaces with extravasated erythrocytes, and substantially higher HO-1 reactivity compared with normal tissue ( Figure 3B) . Examination of the KS lesional tissue at higher magnification revealed numerous HO-1-expressing spindle-shaped cells traversing the abnormal vascular spaces ( Figure 3D ). The strong HO-1 reactivity observed in spindle-shaped cells within KS lesional tissue suggests that this protein may play an important role in the pathophysiology of KS.
HO-1 enzymatic activity is up-regulated in KSHV-infected cells compared with uninfected cells
We verified that HO-1 induced by KSHV infection of DMVECs was enzymatically active by measuring the production of bilirubin by crude whole-cell extracts. HO-1 activity was increased 2.1-fold in KSHV-infected DMVECs over uninfected controls (Figure 4) . Treatment of KSHV-infected cultures with an inhibitor of HO-1 activity, the heme analog CrMP (10 M overnight), resulted in reduction of HO-1 activity to baseline levels, while treatment with the structurally related but noninhibitory CuMP had no net effect on HO-1 activity. Note that these analogs do not influence HO-1 expression levels (Figure 2A) . Therefore, the HO-1 expressed in KSHV-infected DMVECs is enzymatically active and susceptible to pharmacologic inhibition. 
HO-1 up-regulation increases proliferation of KSHV-infected DMVECs in the presence of free heme
Because of the potential for increased exposure of KS cells to free heme and heme-containing proteins in KS tissue, [50] [51] [52] [53] [54] we investigated the possibility that HO-1 up-regulation might affect the response of KSHV-infected cells to heme. Overexpression of HO-1 A indicates apoptosis; TNFR1, tumor necrosis factor receptor 1; absent, protein present in mock-infected cells but not in KSHV-infected cells (fold change cannot be called); CA, cell adhesion; CD, cell division; FK506, tacrolimus; GAP, GTPase-activating protein; T-LAK, lymphokine-activated killer cells with T-cell phenotype; MAPKK, mitogen-activated protein kinase kinase; CS, cell shape; DR, DNA repair; M, metabolism; GTP, guanosine 5Ј-triphosphate; O, other; IFN, interferon; PS, protein sorting; T, transcription; TGFB, transforming growth factor beta; TG, tumorigenesis; and U, unknown. 38, 39 To assess the effect of up-regulation of HO-1 on proliferation of DMVECs, uninfected and KSHVinfected cells were plated in 96-well plates and cultured for 24 hours in SFM with no growth supplements, followed by the addition of a nontoxic dose of heme (5 M) for 48 hours. Selected cultures were additionally treated with the heme analogs CrMP (an inhibitor of HO-1 activity) and CuMP (noninhibitory analog). Proliferation of DMVECs in response to treatment was assessed by performing direct cell counts at 0 and 48 hours after heme treatment as described in "Materials and methods." Importantly, treatment with heme had no effect on the proliferation of uninfected DMVECs but significantly stimulated the growth of KSHVinfected cells ( Figure 5A ). This increase in proliferation was due to HO-1 enzymatic activity, since inhibition of HO-1 activity by treatment with CrMP abolished this increase in cell division, whereas treatment with the noninhibitory heme analog CuMP did not. Uninfected cells did exhibit a robust proliferative response when serum-starved cells were incubated with 10% human serum in the presence or absence of endothelial cell growth supplement, a complex mixture containing known endothelial cell mitogens, indicating that the lack of proliferation of these cells in the presence of heme was due to an unresponsiveness to heme rather than a nonspecific limitation resulting from the experimental procedure employed ( Figure 5B ). Cell viability was higher than 95% by trypan blue exclusion for all treatment conditions (data not shown), indicating that the steady state of uninfected cell numbers under all treatment conditions was due to minimal proliferation in serumfree conditions rather than a cytotoxic effect of heme on these cells. Given the increased concentration of heme within the KS lesional microenvironment, up-regulation of HO-1 in KSHV-infected cells and the subsequent increase in cellular proliferation in the presence of the enzyme's substrate may provide a survival and growth advantage for spindle cells compared with uninfected cells. Thus, KSHV induction of HO-1 may represent a novel strategy for viral tumorigenesis.
Discussion
We report here the results of a proteomics screening approach undertaken to identify alterations in gene expression in DMVECs experimentally infected with KSHV. Of the 850 genes examined by Western blot array, 52 showed significant positive or negative regulation compared with uninfected DMVECs. In the present study we chose to focus our efforts on HO-1 because of the potential role this gene has in angiogenesis. Given the vascular nature of KS lesions, host genes involved in angiogenesis that are induced by KSHV infection may provide targets for pharmacologic intervention. Additionally, the availability of specific HO-1 inhibitors in clinical use for control of hyperbilirubinemia in neonates 55, 56 aided our initial dissection of the role of HO-1 up-regulation in KSHV-induced pathogenesis. HO-1 is a heme-degrading enzyme that cleaves the porphyrin ring-releasing equimolar quantities of CO, free iron, and biliverdin. Free iron then stimulates the production of the iron-scavenging protein ferritin, while biliverdin is rapidly reduced to bilirubin by biliverdin reductase. 42 The effects of these HO-1 metabolites on endothelial physiology suggest that HO-1 might play an important and interesting role in KS pathogenesis. For example, CO produced by HO-1 activity was shown to protect endothelial cells from both CD95/Fas-and tumor necrosis factor ␣ (TNF␣)-mediated apoptosis. 36, 37 In addition, generation of the cytoprotectant bilirubin, along with ferritin up-regulation following release of free iron, has been shown to protect endothelial cells from oxidative damage resultant from myriad noxious stimuli. [57] [58] [59] In the present study we show that KSHV infection of DMVECs results in up-regulation of HO-1 at both the message and protein levels. In vitro, immunofluorescent analysis revealed up-regulation of HO-1 in infected DMVECs but not uninfected neighboring cells in both primary and E6/E7-transformed cultures. Recently it was shown by serial analysis of gene expression (SAGE) that HO-1 expression in AIDS-KS biopsy tissue is significantly greater than in control tissue. 60 Here we independently confirm this finding with quantitative RT-PCR results on cutaneous AIDS-KS tissue that show elevated HO-1 mRNA compared with normal skin. Furthermore, immunohistochemistry on oral AIDS-KS lesional tissue revealed increased expression of HO-1 protein compared with normal tissue at the tumor margin. In vitro, up-regulated HO-1 was enzymatically active and susceptible to chemical inhibition with a heme analog, CrMP.
We show here that increased HO-1 activity in KSHV-infected endothelial cells results in increased cell proliferation following exposure to free heme, whereas uninfected cells grown under the same conditions did not exhibit a proliferative response. Because of the importance of angiogenesis in the pathophysiology of KS, heme-induced proliferation of KSHV-infected cells may be an important factor contributing to lesion development. There is evidence that KS lesions have locally elevated concentrations of hemoglobin and free heme and therefore contain ample substrate for HO-1. Intracellular junctions between neoplastic endothelial cells are frequently defective allowing the extravasation of large numbers of erythrocytes from vessel lumens into the surrounding tissue. [50] [51] [52] [53] These renegade cells become more numerous as the disease progresses and abnormal networks of slitlike vascular spaces expand. Erythrophagocytosis by KS cells is also a common feature. 54 Many spindle cells contain membrane-bound intracytoplasmic erythrocytes (erythrophagosomes) surrounded by lysosomal granules. These erythrophagosomes show various stages of disintegration leading ultimately to extruded hemoglobin and empty ghost cells (dead red blood cells [RBCs] ). Others have The lack of proliferation of uninfected cells was due to an unresponsiveness to heme rather than a nonspecific limitation resulting from the experimental procedure employed. These cells did exhibit a robust proliferative response when serumstarved cells were incubated with 10% human serum in the presence or absence of endothelial cell growth supplement (ECGS; 50 g/mL), a complex mixture containing known endothelial cell mitogens. Results were determined in quadruplicate (error bars indicate Ϯ SD).
BLOOD, 1 MAY 2004 ⅐ VOLUME 103, NUMBER 9 For personal use only. on September 7, 2017 . by guest www.bloodjournal.org From described the presence of hyaline globules in plaque-and nodularstage KS, and histologic staining has revealed that these are the remnants of degenerated erythrocytes. 51 In light of these histologic findings, it is conceivable that up-regulation of HO-1 by KSHV infection could confer a selective advantage to KS cells within the high heme lesional microenvironment compared with neighboring uninfected cells. The availability of potent inhibitors of HO-1 in clinical use elsewhere 55, 56 makes this enzyme a potentially important treatment target in KS.
Up-regulation of HO-1 has been recognized in other experimental pathogenesis systems. Infections by influenza virus, 61 encephalomyocarditis virus, 62 Listeria monocytogenes, 63 and Rickettsia rickettsii 64 all show significant up-regulation of HO-1, suggesting that this enzyme may participate in cellular responses to some intracellular pathogens. We have assessed the expression of HO-1 in our DMVEC system following infection with the KSHV-related rhesus rhadinovirus (RRV). RRV is associated with the development of lymphomas and retroperitoneal fibromatosis (RF) in rhesus macaques coinfected with simian immunodeficiency virus, an animal model similar to HIV and KSHV coinfection in humans (S. . We verified this finding by taqman in our laboratory (data not shown). Alternately, another gene that we have reported as up-regulated by KSHV infection, cKit, was found to be up-regulated by RRV infection (data not shown), suggesting that there are similar yet distinct subsets of cellular genes induced by these closely related, endothelial-tropic viruses. It is interesting that RRV does not induce HO-1, a phenomenon that might be explained by the histologic differences that exist between RF and KS. One of the dominant histopathologic features of KS, the disorganized network of abnormal vascular spaces filled with extravasated erythrocytes, is notably absent in RF. 65, 66 It is conceivable that in the absence of a high heme microenvironment within RF tissue, RRV may not have experienced the selective pressure to upregulate HO-1 because no proliferative advantage is to be derived by that enzyme's expression in the absence of substrate. Therefore, the specificity of HO-1 up-regulation in endothelial cells by KSHV infection may be a modulation of cellular gene expression resulting from the unique erythrocyte-rich microenvironment characteristic of KS.
Recent reports indicate that HO-1 expression in endothelial cells results in up-regulation of VEGF. 40, 67 Current studies in our laboratory are focused on defining the mechanism(s) by which KSHV induces HO-1 in DMVECs as well as determining the cellular pathways activated by HO-1-derived metabolites that result in enhanced proliferation of infected cells following exposure to heme.
